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Highlights
• The potential wood production on cutaway peatlands can be high.
• Afforestation with seeding or planting was profitable at 3% rate of interest.
• In northern Finland, the afforestation method, ditch spacing and fertilization affected the 
bare land value.
Abstract
A major after-use option for former peat harvesting areas has been afforestation. The profit-
ability of afforestation with Scots pine trees (Pinus sylvestris L.) was studied in two 31–32-year 
old experiments in southern and northern Finland. The stands were established by seeding and 
planting, and various fertilization treatments and drainage intensities were tested. The financial 
performance for each plot was assessed in three steps. First, the costs occurred during the meas-
urement time were summed up according to their present value. Then, for the rest of the rotation 
(i.e., from the age of 31/32 onwards) the stand management was optimized in order to maximize 
the net present value (MaxNPV). Finally, bare land values (BLVs) were calculated by summing 
up the present value of costs and the MaxNPV and converting the sum of the series into infinity. 
The afforestation method did not affect the mean annual increment (MAI; 9.2–9.5 m3 ha–1 a–1) in 
the southern experiment. In the northern experiment the afforestation method, ditch spacing and 
fertilization had significant effects on the MAI of the stands. The average MAI of the planted pines 
was 8.9 m3 ha–1 a–1, and for seeded pines it was 7.5 m3 ha–1 a–1. The BLV at an interest rate of 
3% was positive for all stands in both regions. In the northern region afforestation method, ditch 
spacing and fertilization also had a significant effect on the BLV. When the interest rate was 5%, 
almost two thirds of the stands had a negative BLV in both regions.
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1 Introduction
The current peat production area in Finland is about 68 000 hectares, from which annual peat 
harvesting area covers about 50 000 hectares. In addition, some tens of thousands of hectares are 
reserved for peat production in the future. Considerable amounts of peatlands will be released from 
peat harvesting in Finland as well as in other countries. In Finland, it has been estimated that more 
than 100 000 ha of former peat bogs will have been transferred to new means of land use by 2020. 
In Ireland approximately 50 000 ha of peatlands will be released for afforestation within 30 years 
(Renou and Farrell 2005) and in the Baltic countries (Estonia, Latvia and Lithuania) over 26 200 
ha of cutaway peatlands have already been abandoned today (Karofeld et al. 2017).
Forestry is considered to be the major re-use option for cutaway peatlands in the main peat 
producing countries, Finland (Selin 1999; Laasasenaho et al. 2017), Ireland (Renou and Farrell 
2005) and Sweden (Hånell et al. 1996). Afforestation is also accepted as a suitable after-use sce-
nario in Estonia (Ramst et al. 2006 as cited by Kikamägi et al. 2014), Latvia (Priede and Gancone 
2019) and Lithuania (Karofeld et al. 2017). However, cutaway peatlands differ considerably from 
conventional peatland forests in regard to their soil properties (Hytönen and Aro 2012; Hytönen 
et al. 2018). They are characterized by variation in peat thickness (from zero to more than one 
meter), a low pH level, high nitrogen (N) amounts, and low phosphorus (P) and potassium (K) 
amounts in the remaining peat layer (Aro et al. 1997; Kikamägi et al. 2014; Hytönen et al. 2018). 
Unbalanced nutrition makes afforestation challenging, often requiring soil amelioration. Without 
soil improvement measures, cutaway peatlands can remain unvegetated for a long time, natural 
regeneration is slow and thus not practicable, and cultivated tree seedlings will grow weakly until 
death (Salonen 1992; Aro et al. 1997; Hytönen et al. 2016). Forestry is favored by shallow, well 
humified bottom peat with a good carrying capacity and an existing road network. Fine-textured 
sub-soil is nutritionally an advantage, but can lead to additional ditch network maintenance due 
to silting of ditches. Low-lying peat cutaway areas which are not possible to be drained using 
conventional ditching, are not suitable for forestry.
Scots pine (Pinus sylvestris L.) has been the most common tree species used for afforesta-
tion of cutaway peatlands in Finland. In peat cutaway areas, pine plantations can be established 
by seeding, planting and in some cases even from natural regeneration (Kaunisto 1987; Aro et al. 
1997). Due to the challenging conditions, the recommended planting density has been higher than 
in normal forestry (2500 seedlings ha–1 or even more, Aro et al. 1997; Aro and Kaunisto 2003). 
Due to the low amounts of mineral nutrients (e.g., K and P) in the residual peat, fertilization is 
usually required for successful afforestation (Kaunisto 1981; Hytönen et al. 1995; Aro et al. 1997; 
Aro and Kaunisto 2003; Renou-Wilson and Farrell 2007; Renou-Wilson et al. 2008; Bussières et 
al. 2008; Huotari et al. 2008, 2009; Kikamägi et al. 2013, 2014). If the thickness of the remaining 
peat layer is more than 30–40 cm, fertilization may need to be repeated several times (Aro and 
Kaunisto 2003) because the trees are seldom able to grow their roots into the underlying mineral 
sub-soil and uptake mineral nutrients from the sub-soil in such conditions (Aro 2000).
The profitability of afforestation is hampered by the need for fertilization or soil prepara-
tion and drainage, as well as planting costs and young stand treatment. However, due to the high 
nitrogen content of the peat, the wood production potential can be high if a shortage of mineral 
nutrients does not limit the tree growth (Aro and Kaunisto 2003). However, lack of knowledge 
on profitability of afforestation with Scots pine trees can be a hindrance to the decision making 
by land owners.
Our main aim was to investigate the profitability of afforestation with Scots pine trees on 
cutaway peatlands. Technically, the past silvicultural costs and stand projections (achieved through 
stand-level optimization) were combined and further converted to a sum of series into infinity, 
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i.e., the bare land value (BLV, interchangeably the soil expectation value SEV). This measure was 
needed in order to commensurate the financial performance since the rotation periods of the ongoing 
rotation fluctuated considerably between plots. We analyzed the best practice forest management 
alternatives and evaluated the most important factors impacting the profitability of growing Scots 
pine stands on former peat harvesting areas.
2 Material and methods
2.1 Study sites and experimental design
Two old Scots pine afforestation experiments on cutaway peatlands were chosen for this study in 
northern and southern Finland (Table 1). They represent site conditions which are typical for cur-
rently released former peat production areas in Finland, e.g., the topography is flat, the remaining 
peat layer is shallow having high N content, and the drainage is in good condition. The northern 
experiment (Exp-N) is located on the Hirvineva mire in Liminka (64°43´N, 25°17´E) and the south-
ern experiment (Exp-S) is located on the Satamakeidas mire in Honkajoki (62°01´N, 22°19´E). 
The long-term (1981–2010) mean annual temperature and precipitation were 2.6 °C and 486 mm 
in the northern experiment, respectively. The temperature sum (+5 °C threshold) was 1107 degree 
days (d.d.). Corresponding values for the southern experiment were 4.0 °C, 624 mm and 1222 d.d., 
respectively.
Both sites were prepared for afforestation via ditching and soil preparation (lifting and spread-
ing soil from ditches onto nearby peat surfaces) during the autumns of 1986 and 1987 (Table 1). 
Scots pine stands were established by planting (1-year-old container seedlings) or seeding (ca. 15 
seeds per seeding point) during the springs of 1987 and 1988. Half (Exp-N) or all (Exp-S) of the 
planting and seeding points were fertilized with small amounts of phosphorus and potassium during 
their establishment (Table 1). In addition, Scots pine stands of the Exp-S were re-fertilized twice 
before stand measurements. Until the age of 31 or 32 years, no commercial thinnings were carried 
out in either of the experiments. Exp-S was established according to a completely randomized 
design where the plot size was either 20 m × 60 m or 20 m × 95 m. The ditch spacing was 40 m in 
the Exp-S, and strips of 40 m in width were divided in half in order to get 20 m wide plots before 
randomizing treatments. Exp-N had a randomized block design. In Exp-N the ditch spacing was 
15 or 40 m, and the size of the plots was either 15 m × 40 m or 20 m × 40 m.
Table 1. Basic information on the afforestation experiments (Exp-N and Exp-S) of Scots pine on cutaway 
peatlands. Timing of treatments: month/year.
Treatment /Experiment Exp-N Exp-S Comment
Ditching and mounding 10/1986 10/1987
Ditch spacing 15 and 40 m 40 m
Planting 6/1987 5/1988 density 2500 seedlings/ha
Seeding 5/1987 5/1988 density 2500 seeding points/ha
Afforestation fertilization 6/1987 5/1988 P 1.8 and K 3.4 g/seedling
1st re-fertilization No 5/1993 P 4.5 and K 8.0 g/seedling
Seedling stand clearing 5/2003 10/1998 naturally born birch removed
2nd re-fertilization No 5/2002 P 45 and K 80 kg ha–1
Tending of seeded stands No 4/2003
Stand measurement 11/2018 9/2018
No. of replications 3 5–6 n = 5 for seeding in Exp-S
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According to present knowledge, phosphorus fertilization in peatland forests has a long-
lasting effect, often extending over 30 years (Silfverberg and Hartman 1999; Silfverberg and Moil-
anen 2008; Moilanen et al. 2015). A second re-fertilization was thus considered to be unnecessary 
in Exp-S. The first re-fertilization, according to present knowledge, should have been done as a 
broadcast application (PK fertilizer 500 kg ha–1) and not as a spot treatment (Table 1). Therefore 
in our calculations we also included a management option with only one re-fertilization before 
the first commercial thinning.
The mineral soil type under the remaining peat layer was sorted silt and medium sand in 
the Exp-N and Exp-S, respectively (Aro et al. 1997). At the afforestation stage, the thickness of 
the remaining peat layer varied from 2 to 59 cm at the Exp-N site (mean 27 cm) and from 0 to 
91 cm at the Exp-S site (mean 27 cm, Aro et al. 1997). The concentrations of extractable (extracted 
with acid ammonium acetate, pH 4.65) P, K and calcium (Ca) were 2.3 mg l–1, 24.7 mg l–1 and 
181.6 mg l–1 in the 10-cm-thick mineral sub-soil layer beneath the peat layer of the Exp-N site 
(Aro et al. 1997). Corresponding concentrations of P, K and Ca of the Exp-S site were 2.8 mg l–1, 
3.4 mg l–1 and 23.1 mg l–1, respectively (Aro et al. 1997). Prior to the fertilization treatments, the 
concentrations of total N, P and K in the surface peat layer were 21.0, 0.483 and 0.102 g kgdw–1 in 
the Exp-N, respectively (Aro et al. 1997). Corresponding concentrations of total N, P and K were 
15.6, 0.374 and 0.039 g kgdw–1 at the Exp-S site, respectively (Aro et al. 1997). Both sites were 
classified as Vaccinium myrtillus site types (Mtkg) according to the Finnish classification system 
(Laine et al. 2012).
2.2 Stand measurements and tree data
Tree stands were measured 31 (Exp-S) or 32 (Exp-N) growing seasons after their establishment. 
For the measurement of the trees at the Exp-N site, one sub-sample plot (216 m2) extending from 
the drainage ditch to the middle of the strip was established in each plot (sampling density 27%). 
At the Exp-S site two or three sub-sample plots (200 m2) were established on each plot (sampling 
density 32–33%). The tree species, survival and the diameter (mm) at a height of 1.3 m (DBH) 
were recorded or measured for each of the trees. However, on the Exp-N site a few naturally born 
trees (downy birch, Betula pubescens Ehrh., silver birch, B. pendula Roth and Norway spruce, 
Picea abies (L.) Karst.) were measured when the DBH exceeded 45 mm. In addition, the height 
(precision of measurement, one dm) and the height of the lower living crown limit of the same 
tree (precision one dm) were measured from sample trees (every 10th Scots pine). For other Scots 
pine trees, the height was calculated using site-specific height functions (Näslund 1936). The 
height of naturally born downy birches was measured for every tree on the Exp-S site. On the 
Exp-N site, the height of naturally born birches was calculated using functions developed from 
similar aged birch stands at Hirvineva (Hytönen et al. 2018). The DBH and height distributions 
of trees according to the species and treatments are presented in Fig. 1 and 2. For each plot the 
last measurement data (biological age of 31 or 32 years for seeded pines, 32–33 years for planted 
pines) constitute an initial stand structure which was further fed into the MOTTI growth simulator 
producing stand projections (see below). There was no fertilization effect on tree growth left at 
the time of the last measurement since the time after the 1st or 2nd re-fertilization was too long 
(Hökkä et al. 2012).
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Fig. 1. The height and DBH distribution of Scots pine trees according to treatments in the afforestation experiment at 
the Exp-N site after 32 growing seasons since the stand establishment (naturally born trees included). Fertilization treat-
ments: Control and PK fertilization with phosphorus and potassium during the afforestation stage. The ditch spacing is 
15 or 40 m. The number of replications was three for all treatments.
Fig. 2. The height and DBH distribution of Scots pine trees according to treat-
ments in the afforestation experiment at the Exp-S site after 31 growing seasons 
since the stand establishment (naturally born trees included). The ditch spacing 
is 40 m.
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2.3 Financial analyses
The financial performance of each plot was assessed in three stages. First, the costs which occurred 
during the measurement time (i.e., between 0 and 31/32 years) were summed up according to their 
present value so that the point of decision was the time of the stand establishment. We applied the 
following formula:
PVcosts    b cll
L
k
m
kl0 1 1( )
, where PVcosts = the present value of the silvicultural cost ck, k = 1,…,m, € ha–1, l = the time after 
establishment, in years (Note L refers to the biological age of a plot at the beginning of the simu-
lation s.t. L ≤ 32 years), b = the discrete time discount factor, i.e., b = 1/(1+r) and r is the annual 
interest rate (here either 3% or 5%).
Then, for the rest of the rotation (i.e., from the age of 31/32 onwards to full rotation) we 
applied the landowner’s optimization problem as a discrete-time system of state and control vari-
ables (Tahvonen et al. 2013; Juutinen et al. 2018). Let Zti describe a stand state before the ith thinning 
at stand age ti, i = 1,…,T (so that tT corresponds to Tth thinning which is a clearcut). Further, Zti
denotes growing stock (expressed as m3 ha–1), which is further affected by silvicultural measures 
scstn such as ditch network maintenance and/or fertilization occurring in time tn = 0,…,M. Then, k 
presents timber assortments (k = 1, …,K) and a stumpage price (€ m–3) for each timber assortment 
k is denoted by pk. The removal (in m3) of each timber assortment k in ith thinning is denoted by 
hki. Thinning intensity (removal relative to growing stock) in ith thinning is gi. For a private forest 
owner the net present value was maximized as follows:
maxNPV        b p h Z g b sci
T t
k
K
k ki t i n
M t
s
S
st
i
i
n
n1 1 1 1
2( , ) ( )
, where the optimized variables are the number of thinnings,T; the timing of thinnings, ti, i = 1,…,T; 
the intensity of thinnings, gi, i = 1,…,T; and the number, M, and timing ,tn, n = 1,…,M, of silvilcultural 
measures. Thinning profile was described by three thinning points determining the relative diameter 
distribution for remaining stock, and timings of thinnings were set to fluctuate between –20% and 
+20% relative to silvicultural recommendations (for further details, see Ahtikoski and Hökkä 2019, 
p. 1104–1105). Thinning intensity as well as number of thinnings were set to be unconstrained. 
The revenues (in Eq. 2; pkhki) are valued at stumpage since stumpage prices are shown to reflect 
adequately e.g. logging conditions and the strength of end-product markets (Brown et al. 2012). 
Further, the profitability was here assessed from the viewpoint of a private forest owner who is 
eventually paid the stumpage price.
Since the timing of the clear-cut of the ongoing rotation fluctuated due to stand-level opti-
mization, a soil expectation value, SEV (interchangeably bare land value, BLV or land expectation 
value; see Straka 2010; Chang 2013) as a criterion was applied. This enables a solid comparison 
between different management schedules involving different rotation lengths (Bettinger et al. 2009). 
Technically this was done by summing up the present value of the costs during the measurement 
time (Eq. 1) with the discounted MaxNPV value (Eq. 2) and converting this to a sum of series into 
infinity (Tahvonen et al. 2013). Thus, we assumed that future generations would be established 
according to practice applied in the ongoing rotation, although this might not be an optimal solu-
tion for the early development (years 0–31/32). However, measured observations provided reliable 
information on the early development of trees on cutaway peatlands. Currently, such information 
is not included in any growth model. Finally, the aim was to maximize the present value of bare 
land (Faustmann 1849):
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MaxBLV=
MaxNPVcostsPV b
b
t
ts








0
1
3( )
, where BLV = the bare land value for plot, € ha–1, PVcosts = the present value of silvicultural costs, 
€ ha–1 (see Eq. 1) and MaxNPV = the maximum net present value obtained through stand-level 
optimization, € ha–1 (see Eq. 2), t0 = the time point when the simulation of the ongoing rotation 
was initiated, here either in year 31 or 32, ts = the time for final cut, years and b = the discrete time 
discount factor, i.e. b = 1/(1+r) and r is the annual interest rate.
Stand projections were generated using the MOTTI stand simulator. MOTTI is a stand-level 
decision-support tool for assessing the effects of forest management on stand dynamics (Salminen 
et al. 2005; Hynynen et al. 2015; Juutinen et al. 2018). The MOTTI consists two sets of models: 
stand-level and individual-tree level models, both based on an empirical-statistical modelling 
approach (e.g., Hynynen et al. 2015). In this study, however, only individual-tree level models were 
utilized because after the last inventory (stand age of either 31 or 32 years) the plots had passed 
the phase for which the stand-level models were designed. In the MOTTI there are six individual-
tree-level model sets to capture the growth dynamics (for a detailed description of the MOTTI, 
see Juutinen et al. 2018, Appendix B). So far the MOTTI stand simulator has been widely applied 
in stand-level growth and yield analyses (Hynynen et al. 2005; Kojola et al. 2012; Haapanen et al. 
2016; Huuskonen et al. 2020) and for stand-level optimization (Ahtikoski et al. 2018; Juutinen et 
al. 2018; Ahtikoski and Hökkä 2019).
The interaction between the growth simulator and the optimization algorithm (PIKAIA; 
see below) worked as follows. The MOTTI generated stand projections providing the objective 
function values (see Eq. 1) for the optimization algorithm in return for decision variables (see a 
similar approach in Valsta 1992 and Niinimäki et al. 2012). Technically, the PIKAIA optimization 
is a public domain software based on a genetic algorithm (Charbonneau and Knapp 1995; Metcalfe 
and Charbonneau 2003). Genetic algorithms (first introduced and developed by Holland 1975) use 
computer programs to simulate the evolutionary process. They are based on the mechanics of natural 
selection and natural genetics (Darwin’s evolution principle) and combine an artificial survival of 
the fittest algorithm with genetic operators abstracted from nature (Holland 1975; Goldberg 1989; 
Li et al. 2010; Hayyolalam and Kazem 2020).
In the optimization procedure the parameter space included seven parameters, i.e. decision 
variables (see Pukkala 2009; Arias-Rodil et al. 2015) representing a7th dimensional multimodal 
function. For a detailed description of these seven parameters, see Ahtikoski and Hökkä (2019, p. 
1105, Table 2; excluding ditch network maintenance and fertilization). Technical details related to 
the MOTTI stand simulator and PIKAIA algorithm applied for stand-level optimization are reported 
in Ahtikoski et al. (2012), Ahtikoski and Hökkä (2019) and Juutinen et al. (2018).
Price and cost data were obtained from the official statistics for the years 2002–2016 (Luke 
Statistics 2018). These time series present a long enough time period to capture business cycles 
so that the derived averages would include both peak and bottom prices and costs. The original 
and nominal time series (Luke Statistics 2018) was deflated by the cost-of-living index (Statistics 
Finland 2018, base year 2017) in order to attain real prices and costs. Both the stumpage prices 
and silvicultural costs in real terms are presented in Table 2.
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2.4 Statistical analyses
The effects of treatments on the tree stand yield and financial profitability were tested using ANOVA 
with the IBM SPSS Statistics 25 software.
3 Results
3.1 Mean annual increment and rotation period
Depending on afforestation method and rate of interest, the mean annual increment (MAI) of 
stem wood varied from 9.2 to 9.5 m3 ha–1 a–1 and the MAI of the saw logs varied from 4.9 to 
5.5 m3 ha–1 a–1 in southern Finland (Exp-S, Table 3). The corresponding rotation periods were 
69–72 years in the optimized growing of Scots pine stands. The afforestation method did not sig-
nificantly affect the MAI or rotation period (Table 3). In the total yield of the stands, the proportion 
Table 2. Applied stumpage prices (€ m–3) and silvicultural costs (€ ha–1) in real terms.
Stumpage prices
Felling method Saw logs ,€ m–3 Pulpwood, € m–3
First commercial thinning 41.75 – 41.84 – 37.26 a) 12.69 – 14.88 – 12.11
Other thinnings 50.08 – 49.73 – 41.40 15.62 – 19.32 – 14.80
Final cut 59.13 – 58.94 – 48.66 18.29 – 23.48 – 17.83
Silvicultural costs, € ha–1
Ditch network maintenance 185.80
Manual planting 697.60
Manual seeding 217.60
Fertilization 314.50
Early pre-commercial thinning 356.50
a) In each line the first value (e.g., 41.75) applies for pine, the second (41.84) for spruce and the third (37.26) 
for other tree species, in most cases birches.
Table 3. The effect of the afforestation method on the rotation period, mean annual increment of stem wood 
(MAI) and saw logs (MAI_saw logs), and bare land value (BLV) with two rates of interest at the site in 
southern Finland (Exp-S; sd = standard deviation). In the financial analysis, 1rf includes one and 2rf two re-
fertilizations before the first commercial thinning.
Variable Rate of
interest (%)
Treatment (mean ± sd) p-value
 Planted Seeded
Rotation (a) 3 71.0 ± 0.9 71.8 ± 1.3 0.259
5 70.3 ± 0.5 68.6 ± 3.2 0.220
MAI (m3 ha–1 a–1) 3 9.5 ± 0.6 9.4 ± 0.6 0.756
5 9.3 ± 0.7 9.2 ± 0.8 0.812
MAI_saw logs (m3 ha–1 a–1) 3 5.5 ± 0.2 5.3 ± 0.3 0.227
5 5.3 ± 0.2 4.9 ± 0.2 0.014
BLV_2rf (€ ha–1) 3 2519.0 ± 405.5 2993.4 ± 389.0 0.081
5 –380.5 ± 211.7 40.6 ± 157.0 0.005
BLV_1rf (€ ha–1)
 
3 2742.5 ± 405.6 3216.0 ± 388.2 0.081
5 –235.3 ± 207.0 190.0 ± 157.4 0.004
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of downy birch was negligible during the rotation. Growing planted Scots pine stands according 
to Finnish silvicultural recommendations (Äijälä et al. 2014) resulted in an MAI of 7.5 m3 ha–1 a–1 
and the MAI of the saw logs was 4.2 m3 ha–1 a–1.
The afforestation method, ditch spacing and fertilization had significant effects on the MAI 
of Scots pine dominated stands in northern Finland with both of the used interest rates (Exp-N; 
Table 4, Fig. 3). The average MAI for the planted pines was 8.9 (with both discount rates) and 
for seeded pines it was 7.3–7.5 m3 ha–1 a–1 (with the interest rates of 5 and 3%, respectively). The 
average MAI for pines was 8.8 m3 ha–1 a–1 (with both rates of interest) with ditch spacing of 15 m. 
Table 4. The effect of the afforestation method, ditch spacing and fertilization on the rotation period (a), mean annual 
increment of stem wood (MAI, m3 ha–1 a–1) and saw logs (MAI_saw logs, m3 ha–1 a–1), and bare land value (BLV, 
€ ha–1) with two rates of interest (%) for the Exp-N site (ANOVA p-values).
Source/variable Rotation MAI MAI_sawlogs BLV
Interest rate 3 5 3 5 3 5 3 5
Afforestation (A) 0.247 0.180 <0.001 <0.001 <0.001 <0.001 0.003 0.327
Ditch spacing (D) 0.350 0.693 0.001 <0.001 0.309 0.006 0.002 <0.001
Fertilization (F) 0.504 0.278 0.001 0.009 0.176 0.058 0.050 0.009
Block 0.206 0.170 0.100 0.128 0.109 0.054 0.021 0.024
A*D 0.079 0.262 0.268 0.520 0.808 0.637 0.552 0.529
A*F 0.937 0.555 0.008 0.005 0.545 0.830 0.174 0.147
D*F 1.000 0.693 0.081 0.268 0.433 0.094 0.138 0.036
A*D*F 0.722 0.782 0.872 0.667 0.627 0.830 0.745 0.836
Fig. 3. Mean annual increment of stem wood (MAI) and saw logs (MAI_sawlogs) of 
Scots pine dominated stands at the northern Finland site (Exp-N) during a rotation pe-
riod. The fertilization treatments consisted of a control (O) and fertilization with phos-
phorus and potassium during the afforestation stage (PK, see Table 1), and with ditch 
spacing of 15 and 40 m. The rates of interest are 3 and 5% (e.g., MAI3 and MAI5). The 
standard deviation is shown on top of the bars.
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When the ditch spacing was 40 m, the average MAI for pines was 7.4 m3 ha–1 a–1 (discount rate 
5%) and 7.6 m3 ha–1 a–1 (3%). Fertilization significantly increased the MAI of the seeded pines 
(Fig. 3): from 6.6 to 8.4 m3 ha–1 a–1 (discount rate 3%) and from 6.4 to 8.3 m3 ha–1 a–1 (discount 
rate 5%). With an interest rate of 3%, the MAI of the saw logs was significantly higher for the 
planted pines (4.9 m3 ha–1 a–1) than for the seeded pines (3.6 m3 ha–1 a–1, Table 4). With a discount 
rate of 5% both afforestation methods and ditch spacing significantly increased the MAI of the 
saw logs: for seeded and planted pines they were 3.6 and 4.7 m3 ha–1 a–1, and with ditch spacings 
of 40 and 15 m 3.7 and 4.3 m3 ha–1 a–1, respectively. The corresponding mean rotation periods 
for optimized growing of the stands ranged from 65 to 84 years, and they were not affected by 
the treatments (Table 4). Depending on the treatments and the rate of interest, growing the stands 
based on silvicultural recommendations (Äijälä et al. 2014) resulted in the overall MAI and the 
MAI of the saw logs 77–89% and 63–87% of those obtained by the optimized growing alternative, 
respectively. In general, the shortest rotation periods were obtained by using Finnish silvicultural 
recommendations (Fig. 4).
3.2 Bare land value
Depending on the number of fertilizations before the first commercial thinning, the bare land 
value (BLV, 3% rate of interest) was 2519–2743 € ha–1 for the planted Scots pine stands and 
2993–3216 € ha–1 for the seeded pine stands in southern Finland (Exp-S). Further, the BLVs were 
not significantly affected by the afforestation method at an interest rate of 3% (Table 3). However, 
at a 5% rate of interest the BLV for the seeded Scots pine plantations was significantly higher than 
the BLV for the planted pines (with both one and two re-fertilizations, Table 3). However, increas-
ing the interest rate to 5% led to very small or even negative financial results.
Fig. 4. Measured and predicted stand volume as a function of stand age, ongoing rota-
tion (an example for a seeded pine stand, with ditch spacing of 15 m and no fertiliza-
tion during the afforestation stage). Steeper curves are associated with the optimum 
(compared to Finnish recommendations, i.e. Tapio; Äijälä et al. 2014) and are due to 
repeated fertilizations.
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The BLV (with a rate of interest of 3%) was significantly affected by the afforestation 
method, ditch spacing and fertilization at the site in northern Finland (Exp-N) (Table 4, Fig. 5). 
The maximum BLV (3087 € ha–1) was obtained for planted pine stands which had been drained 
intensively but not fertilized during the afforestation stage. The weakest financial result (1102 € ha–1) 
was achieved by seeding pine stands and using 40 m ditch spacing without fertilization. Thus, all 
the stand management alternatives produced positive financial results. Generally, the BLVs were 
higher in planted than in seeded pine stands, and higher for those stands with a ditch spacing of 
15 m rather than 40 m (Fig. 5).
With an interest rate of 5%, the BLVs were significantly higher for those stands with a ditch 
spacing of 15 m than for those with ditch spacing of 40 m (Table 4). However, the BLV was only 
positive for two growing alternatives of intensive drainage: planted pine stands without fertilization 
(10 € ha–1) and seeded and fertilized pine stands (79 € ha–1). In those stands with a ditch spacing of 
40 m, fertilization significantly increased the BLVs although they remained negative (from –456 
to –232 € ha–1 for planted pine stands and from –461 to –22 € ha–1 for the seeded stands).
Depending on the treatments and climatic region, the BLV of growing options based on 
silvicultural recommendations (Äijälä et al. 2014) was 40–68% of the optimized growing alterna-
tive (with a rate of interest of 3%).
4 Discussion
This study demonstrated the financial feasibility of growing Scots pine trees on cutaway peatlands 
and management options affecting the profitability at the stand level. Since the oldest afforestation 
experiments were only 31–32 years old, the rest of the rotation period was simulated using a stand 
growth simulator including variables for ditch network maintenance, fertilization and thinnings 
Fig. 5. The bare land value (BLV) of different growing alternatives of Scots pine domi-
nated stands on the test sites in northern Finland (Exp-N) at a 3% rate of interest. The 
fertilization treatments consisted of a control (O) and fertilization with phosphorus and 
potassium during the afforestation stage (PK, see Table 1), and with ditch spacing of 15 
and 40 m. The standard deviation is shown on top of the bars.
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to achieve stand level optimization. During the afforestation stage, soil preparation if the site has 
a shallow peat layer or fertilization using mineral nutrients is needed to ensure the establishment 
and early growth of tree seedlings (Kaunisto 1979, 1987; Aro et al. 1997; Huotari et al. 2008; 
Hytönen et al. 2016). Later, one or on thick-peated cutaway peatlands even two re-fertilizations 
are possibly needed (Aro and Kaunisto 2003). However, the experimental sites of our study had 
a shallow peat layer (mean peat thickness 27 cm), which would allow tree roots to grow into the 
mineral subsoil (Aro 2000). Therefore, based on present day knowledge, some of the fertilization 
treatments in the southern experiment were repeated too often before the first commercial thinning, 
i.e., before the initiation of the simulation in this study. This was taken into account by deleting 
the costs of such treatments in one of the studied growing alternatives. We also assumed that first 
refertilization (4.5 g P per seedling) did not increase growth.
Depending on the treatments and the rate of interest used in the calculations (either 3% or 
5%), the mean annual increment (MAI) varied from 5.9 to 9.8 m3 ha–1 a–1 at the sites during the 
rotation. On the southern site the results indicated very fertile site conditions corresponding to 
herb-rich or herb-rich heath forests of the same region in the 11th National Forest Inventory (9.0 
m3 ha–1 a–1 in southwestern Finland, Korhonen et al. 2017). Undoubtedly, this was due to the high 
nitrogen content of the site and repeated PK fertilization. In nitrogen rich peatland forests, PK or 
wood ash fertilization has also increased stand growth considerably (Moilanen et al. 2002, 2004, 
2005, 2015; Hökkä et al. 2012). At the southern test site the coarse-textured mineral sub-soil had a 
low mineral nutrient content and thus fertilization was the main source of mineral nutrients during 
the first 15 years. Later on, fertilization was repeated for stand level optimization if it affected 
financial results positively. On the northern site, the MAIs also revealed fertile site conditions 
corresponding to herb-rich forest, herb-rich or mesic heath forests, depending on the treatments, 
in comparison to the 11th National Forest Inventory (6.5–9.1 m3 ha–1 a–1 in the coastal areas of 
Northern Ostrobothnia in Finland; Korhonen et al. 2017).
The MAI for the Scots pine stands which had undergone similar treatments (with a ditch spac-
ing of 40 m and afforestation fertilization) were almost similar on the northern (7.9–8.6 m3 ha–1 a–1) 
and southern sites (9.2–9.5 m3 ha–1 a–1). However, on the northern site (Exp-N) the mineral sub-
soil was more fertile with a higher content of fine particles than the southern site (Exp-S). Since 
both sites had a shallow peat layer, tree roots were probably able to penetrate the bottom mineral 
soil (Aro 2000). Thus pines were able to extract more mineral nutrients on the site of the northern 
experiment than on the site of the southern experiment. Consequently, the tree growth was almost 
as good on the northern site as on the southern site. On the other hand, the pines on the southern 
site, but not on the northern site had been re-fertilized before the first simulated commercial thin-
ning. Thus the results indicate that the quality of the bottom mineral soil can have a significant 
influence on the wood production potential of the site if the peat layer is shallow.
Prior to concluding the financial results one essential point needs to be highlighted. Namely, 
in this study the revenues were based on stumpage prices, which are basically a natural-resource 
rent that can be directly observed as a market price (Hultkrantz et al. 2014). Earlier studies on 
stand-level maximization and BLVs in Finland are in majority based on roadside prices subtracted 
logging costs (Hyytiäinen et al. 2006; Cao et al. 2010; Tahvonen et al. 2013; Tahvonen and Rämö 
2016). The bare land value (BLV) at a 3% interest rate was positive for all stands in both regions, 
in southern and northern Finland. With a 3% interest rate, the optimized growing of Scots pine 
was less profitable in northern (2157–2400 € ha–1) than in southern (2519–2993 € ha–1) Finland 
with similar treatments (i.e., with ditch spacing of 40 m and afforestation with fertilization). These 
positive financial results will promote the willingness of landowners to afforest cutaway peatlands. 
Possible incentives for afforestation (e.g., subsidies) could further improve the financial results. 
Increasing the interest rate from 3% to 5%, resulted in negative BLVs for 63–64% of the stands 
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in both southern and northern Finland. With respect to optimal rotation period associated with 
increasing interest rate, our results indicate only minor shortening in years, slightly contradict-
ing earlier studies (c.f. Tahvonen and Rämö 2016; Parkatti et al. 2019). There are two possible 
reasons for that. First, in this study the stand-level optimization started with an ongoing rotation, 
31 or 32 years after stand establishment. Thus, in a narrow sense “optimal rotation” here indicates 
only the rest of the rotation period, corresponding on average 38–44 years. This presents just over 
a half rotation. Another reason for the relatively unresponsive optimal rotation period to interest 
rates might be the fact that the timings of thinnings were set to a range (–20% and +20% relative 
to silvicultural recommendations) which might have been an actual constraint when optimizing 
with high interest rates. In other words, with high interest rates the lower limit (–20%) could have 
been a threshold preventing earlier thinnings and thus shorter rotation period.
According to our results, profitable afforestation of cutaway peatlands can be made either 
by seeding or planting in southern Finland. However, due to the coarse-textured mineral sub-soil 
which had an especially low potassium concentration (Aro et al. 1997), PK or wood ash fertiliza-
tion is needed during the afforestation stage and one re-fertilization should take place before the 
first commercial thinning.
In northern Finland it seems that the most profitable option would be to establish Scots 
pine stands by planting with efficient drainage (with ditch spacing of 15 m) without afforestation 
fertilization. This may be explained by the fine-textured silty sub-soil with a high mineral nutrient 
content, especially if the mineral soil from the ditches is spread onto the strips in connection with 
the drainage. Wider 40 m ditch spacing may be too sparse in order to maintain sufficient drainage 
in a humid climate during the first 20–30 years of the rotation. In addition, because the site had a 
shallow remaining peat layer, it is possible that the amount of ditch spoil spread on the strips was 
larger with the 15 m than in the 40 m ditch spacing. If pine stands are established by seeding, it 
is obvious that the seeding points should be fertilized during the afforestation stage, especially if 
the site has been drained with a ditch spacing of 40 m. Similarly, planted pine seedlings benefitted 
from afforestation fertilization if the drainage was carried out with a ditch spacing of 40 m. Drain-
age is a prerequisite for afforestation of cutaway peatlands, and there also might arise a need for 
ditch network maintenance during the rotation. Here, drainage has only been considered from tree 
growth point of view, although possible long-term negative impacts of ditching on water quality 
have recently been reported (Nieminen et al. 2017, 2018).
On the southern site, optimized growing increased the overall MAI and the MAI of the 
saw logs by 23–27% and 17–31% (interest rate from 3 to 5%), respectively, compared to Finnish 
silvicultural recommendations (Äijälä et al. 2014). Depending on the interest rate and manage-
ment options on the northern site, optimized management increased the overall MAI and the MAI 
of the saw logs by 13–30% and 15–58%, respectively, compared to Finnish silvicultural recom-
mendations (Äijälä et al. 2014). Depending on the treatments and climatic region, the BLV of the 
growing option based on silvicultural recommendations (Äijälä et al. 2014) was 40–68% of that 
achieved by the optimized growing alternative (rate of interest 3%).
With regard to optimized management, one should bear in mind that the optimization did 
not start from the bare land; instead stand-level optimization was combined with the existing stand 
characteristics from the time point of 31–32 years after establishment. Thus, the stand development 
until then would most likely to be off the optimal path since it is based merely on the best practice 
prevailing at that time. On the other hand, the measurement data between the stand establishment 
and the 31–32 years enabled the detailed tracking of actual, realized costs, which could not have 
been included in the analysis had we optimized the stand development from the bare land. Further, 
for cutaway peatland sites there are no existing early-development growth models to be incorpo-
rated into growth simulators.
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With the assumptions made in this study, we reasonably expect to achieve solid financial 
performance for growing Scots pine trees on cutaway peatlands even in northern climatic condi-
tions without subsidies. When comparing these BLV results to BLVs in earlier studies in Finnish 
growth conditions, one can argue that these BLVs tend to be a bit higher than what have been 
reported earlier (cf. Pukkala et al. 2010, p. 139, Table 4; Tahvonen and Rämö 2016, p. 898, Table 5). 
However, earlier studies were based on mineral soils whereas this study focused on cutaway peat-
lands – the exact correspondence between mineral and peatland soil productivity is, however, a 
disputable issue. From the point of view of the landowner, the production of Scots pine timber on 
cutaway peatlands is an attractive option. However, the yield of stands and their financial perfor-
mance strongly depend on the substrate properties, and thus the management alternatives should 
be selected accordingly.
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